The hypervariable regions of immunoglobulin heavy-chain (IgH) rearrangements provide a specific tumor marker in multiple myeloma (MM). Recently, real-time PCR assays have been developed in order to quantify the number of tumor cells after treatment. However, these strategies are hampered by the presence of somatic hypermutation (SH) in VDJH rearrangements from multiple myeloma (MM) patients, which causes mismatches between primers and/or probes and the target, leading to a nonaccurate quantification of tumor cells. Our group has recently described a 60% incidence of incomplete DJH rearrangements in MM patients, with no or very low rates of SH. In this study, we compare the efficiency of a real-time PCR approach for the analysis of both complete and incomplete IgH rearrangements in eight MM patients using only three JH consensus probes. We were able to design an allele-specific oligonucleotide for both the complete and incomplete rearrangement in all patients. DJH rearrangements fulfilled the criteria of effectiveness for real-time PCR in all samples (ie no unspecific amplification, detection of less than 10 tumor cells within 10 5 polyclonal background and correlation coefficients of standard curves higher than 0.98). By contrast, only three out of eight VDJH rearrangements fulfilled these criteria. Further analyses showed that the remaining five VDJH rearrangements carried three or more somatic mutations in the probe and primer sites, leading to a dramatic decrease in the melting temperature. These results support the use of incomplete DJH rearrangements instead of complete somatically mutated VDJH rearrangements for investigation of minimal residual disease in multiple myeloma.
Introduction
Multiple myeloma (MM) is a mature B-cell malignancy characterized by the accumulation of clonal plasma cells in the bone marrow (BM) producing high amounts of monoclonal immunoglobulin (Ig). The origin of the neoplastic cells in MM is thought to be a postfollicular memory B cell, although there has been a great deal of debate regarding the possibility of a less mature origin or even of a stem cell origin. [1] [2] [3] Evidence of a postfollicular origin comes from the Ig gene configuration in plasma cells, which are found to be somatically hypermutated, without intraclonal variation and class-switched. 1, 4 High-dose therapy (HDT) followed by stem cell transplantation (SCT) leads to a higher rate of complete remissions (cRs), although most patients eventually relapse. [5] [6] [7] [8] A clinical correlation between PCR detection of tumor cells after SCT and outcome has been suggested, 9, 10 but quantitative studies are needed for the evaluation of distinct molecular responses.
Different quantitative IgH PCR assays have proven to be useful but they are frequently time-consuming and need additional post-PCR manipulations, which could lead to PCR crosscontamination. 7, [11] [12] [13] Real-time PCR are usually preferred to end point calculations or limiting dilutions, because real-time PCR is simpler and allows automated analyses in a closed tube. The development of TaqMan technology, as well as the new generation of optical systems such as the ABI PRISM 7700 sequence detector system (PE Applied BioSystems, Foster City, CA, USA), has improved the quantification of tumor burden in treated patients. [14] [15] [16] Immunoglobulin heavy-chain (IgH) realtime PCR is based on using the CDR3 sequence for the design of an ASO-primer or probe combined with JH and VH primers. 17, 18 The hypermutated IGH genes in MM have hampered molecular analyses by PCR because of the frequent occurrence of mismatches between the VH or JH segments and the corresponding primers. 19 For this reason, patient-specific probes and/ or primers must be designed in order to avoid mismatches caused by somatic hypermutation (SH), 14 which is significantly more expensive and time-consuming than using consensus probes. Consequently, real-time quantitative PCR (RQ-PCR) analyses of the clonogenic VDJH rearrangements for the detection of minimal residual disease (MRD) appear to be much more complicated when applied to postfollicular B-cell malignancies than in immature B-cell malignancies. 17, 18, 20 We have recently demonstrated that in 60% of MM patients, the nonfunctional IgH allele comprises an incomplete DJH unmutated rearrangement (González D et al. Blood 2001; 98: 1562; abstract), which makes them an attractive alternative to hypermutated complete VDJH rearrangements in MM as targets for RQ-PCR-based MRD investigation. Here, we provide evidence that DJH rearrangements used as RQ-PCR targets work better in terms of reliability, sensitivity and reproducibility than VDJH rearrangements in the same patients.
Materials and methods

Cell samples and DNA extraction
Cell samples were obtained from BM aspirates of eight untreated MM patients with a tumor load ranging from 10 to 93%. High molecular weight DNA was isolated by standard proteinase K digestion, phenol-chloroform extraction and ethanol precipitation. 21 All patients were randomly selected from a previous series of 44 patients that had both IGH alleles rearranged with one incomplete DJH rearrangement and one complete VDJH rearrangement (González D et al. Blood 2001; 98: 1562; abstract).
Identification of IGH rearrangements
For amplification of complete VDJH rearrangements, three different sets of family specific primers and one JH consensus primer were used in three different multiplexed PCR reactions, covering the three framework regions (FR). Amplification of incomplete DJH rearrangements was performed in two different reactions using family specific primers for DH1-DH6 and DH7 families, respectively, together with the consensus JH primer ( Figure 1 ). All primers had been newly designed during the BIOMED-2 Concerted Action, 'PCR-based clonality studies for early diagnosis of lymphoproliferative disorders' (PL96-3936) (van Dongen JM et al. Blood, 2001 ; 98: 129; abstract). All reactions were carried out in 50 ml containing 0.1 mg DNA samples and 10 pmol of each primer. PCR products were eluted from the polyacrylamide gels and directly sequenced in an automated ABI 377 DNA sequencer using Big-Dye terminators (Applied Biosystems, Foster City, CA, USA). In order to avoid nucleotide misinterpretations because of Taq error, all products were sequenced at least twice from different PCR reactions using 5 0 VH/DH and/or 3 0 JH primers. Germline VH, DH and JH segments from complete VDJH rearrangements were identified by comparison with the V base 22 and IGMT database 23 using on-line DNAPLOT (MRC Center for Protein Engineering). DH and JH germline segments from incomplete DJH rearrangements were identified using BLAST search in the DH-JH germline locus sequence (accession number EMB/X97051).
ASO-primer design
RQ-PCR strategy using JH consensus probes was adapted from the method of Verhagen et al. 20 Briefly, three JH consensus probes (JH1.2.4.5, JH3 and JH6) covering all six JH segments were used in combination with the ASO primer and one of the six JH intron-specific primers (JH1-JH6) ( 
RQ-PCR analysis
RQ-PCR was performed in MicroAmp 96-well optical plates on an ABI PRISM 7700 sequence detection system (PE Applied BioSystems, Foster City, CA, USA). All reactions were carried out in 25 ml final volume, containing 12.5 ml of 2 Â TaqMan Universal Mastermix (PE Applied BioSystems, Foster City, CA, USA), including AmpErase Uracil N-Glycosylase (UNG), 200 nM of each primer and 300 nM of probe. A measure of 1 mg genomic DNA was added in triplicate for RQ-PCR assay. RQ-PCR conditions included 2 min at 501C for UNG activation, 10 min at 951C for AmpliTaq Gold activation, and 50 cycles of PCR with 10 s denaturation at 951C followed by 30 s at 59-631C for annealing/extension (depending on each particular ASO primer). The cycle in which fluorescent emission reaches 10-fold the basal emission is known as the cycle threshold (C T ), a value that is proportional to the copy number of the target gene.
For ASO-primer specificity testing, we performed an RQ-PCR assay that included the diagnosis DNA from the patient as positive control for the reaction, and a buffy coat pool from healthy individuals as negative control. Each ASO primer was tested at different annealing temperatures, ranging from 59 to 631C in order to determine the maximum sensitivity and specificity for each particular assay. The quality and quantity of the sample was checked by RQ-PCR amplification of the albumin gene, as previously described. 18 
Analysis of patient samples
Diagnosis DNA from each patient was 10-fold serially diluted into the buffy coat pool from healthy individuals up to 10 À5 . Furthermore, between the lower dilutions (10 À3 -10 À5 ), we performed two additional five-fold dilution steps to ensure reliability of the results obtained in dilutions containing only a 
Figure 1
BIOMED-2 PCR strategy VDJH amplification is carried out in three separate reactions containing the JH consensus primer and a combination of the different VH family specific primers for FR1, FR2 and FR3 regions (tubes 1, 2 and 3, respectively). DJH amplification is performed in two separate reactions containing the JH consensus primer combined with the DH family specific primers (DH1-DH6 in tube 1 and DH7 in tube 2).
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and 10 À5 . Calculations were made to allow amplification of 1 mg of each dilution. Based on the assumption that 1 mg DNA contains 1.6 Â 10 5 genomes, amplification of the 10 À4 dilution of diagnostic sample represents a detection rate of 1-20 tumor cells (depending on tumor burden at diagnosis in each patient) within 10 5 normal cells. All patients were analyzed by comparison of standard curves obtained from diluted genomic DNA in both types of rearrangements. Successful RQ-PCR was assessed according to the following three criteria: (i) specific amplification of at least 10 copies of tumor-specific IGH rearrangement; (ii) lack of nonspecific amplification in the buffy coat control; (iii) standard curves generating at least a four-linear dynamic range with correlation coefficients (r) of at least 0.98. 14 
Analysis of primer and probe site mutations in VDJH and DJH rearrangements
In order to assess possible mutations in the sites of annealing primers and probes in IgH gene rearrangements, we performed a shifted PCR with the ASO primer upstream and the next JH intron-specific primer downstream (Figure 2a ). These products were sequenced and compared to the sequence of JH consensus probes and JH intron primers. The MeltCalc program 24 was used to estimate the changes that somatic mutations produce in DT m for each probe and primer in VDJH rearrangements.
Results
Eight MM patients carrying both an incomplete DJH and a complete VDJH rearrangement were randomly selected from a series of 44 MM patients. Sequences of the junction regions of each rearrangement are shown in Table 2 .
Evaluation of ASO-primer design 16 primers were designed for the eight patients containing two rearrangements each ( Table 1 ). All of them were successful since they produced a positive signal on the diagnostic sample, while no amplification signals were detected with any of these primers in the negative control.
Comparison of RQ-PCR effectiveness between DJH and VDJH rearrangements
Upon analyzing RQ-PCR data, all DJH rearrangements fulfilled the three criteria for successful RQ-PCR assay in the eight MM patients: positive signals were not seen in the buffy coat control with any of the ASO primers designed for DJH rearrangements, correlation coefficient values for standard curves were always at least 0.98, and the limit of detection was 1-5 tumor cells in 1.6 Â 10 5 normal cells (Table 3 ). The mean r value was 0.986 with an overall detection rate of 1.7 cells and a dynamic linear range of 4.6 log on average. By contrast, only three out of eight (37.5%) VDJH rearrangements fulfilled the established criteria, mainly because the standard curves generated gave rise to r values below 0.98 (Table 3) . Furthermore, for two VDJH 
JH consensus probes for RQ-PCR in MM
Owing to the high degree of SH in VDJH rearrangements from MM patients, we attempted to assess if SH could lead to a different effectiveness in RQ-PCR using JH consensus probes when applied to DJH or VDJH rearrangements. We amplified and sequenced the region spanning the JH probe and JH intron primer binding sites (Figure 2 ). All DJH rearrangements from these eight patients were previously seen to be unmutated (González D et al. Submitted for publication; data not shown). Consequently a perfect match between probes/primers and the target sequence can ensure a successful RQ-PCR in the eight patients. All three patients in which a successful RQ-PCR was achieved (at least r ¼ 0.98) using VDJH rearrangements had two or less mutations in the probe and primer binding site. By contrast, the remaining five patients with a suboptimal r value for the standard curve had more than two mutations, ranging from 3 to 7 nucleic acid changes (Table 4) .
In our study, there is a correlation between total number of mutations (in both primer and probe sites) and failure of the RQ-PCR assay. Furthermore, in two patients in which only one point mutation was present in the probe site, the RQ-PCR gave rise to r values of 0.96 and 0.97 (Table 4 ) because of the presence of two further mutations in the primer binding site. The patient with r ¼ 0.88 had three mutations and one point deletion in the probe site, and three mutations in the primer site, which explains the failure of the RQ-PCR. Interestingly, the sequence of probe and primer sites could not be obtained in the patient in whom VJDHbased RQ-PCR produced a lowest r value of 0.2, and the detection limit was 75 cells. The lack of amplification with the next JH intron primer could be due to of a deletion or, alternatively, an exceptionally high degree of SH in the JH-Cm intron region. The linear range of the standard curve expressed in number of logarithms. This linear range is only applicable to those experiments with at least r=0.98. UPN: unknown patient number; r: coefficient of correlation; N/A: not available.
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Melting analyses for probe and primer mismatches
The MeltCalc program has proven to be an efficient approach for calculating differences in the melting temperature (T m ) of oligonucleotide probes. 24 In order to obtain a more accurate determination of how the VDJH mutations affect the RQ-PCR, we analyzed the changes that somatic mutations produced in the T m of the probes and primers for each VDJH rearrangement. As we could not obtain the complete sequence of one of the eight valuable patients (UPN 4994), we performed melting calculations for the remaining seven VDJH rearrangements. Table 4 shows the point mutations (deletions are not included because of program limitations) affecting the T m variations (DT m ), and cumulative values for these two variables at the probe and primer sites. In the three VDJH rearrangements in which successful RQ-PCR was achieved, the values for DT m were always below 61C. By contrast, in the three VDJH rearrangements that gave rise to a standard curve with values of 0.97 and 0.96, the DT m increased up to a range between 9 and 131C. The VDJH rearrangement with r ¼ 0.88 had a DT m ¼ 23.81C, which is significantly higher. These results correlate with the number of point mutations, since VDJH rearrangements with more than three cumulative mutations in the primer and probe sites are those that yield DT m 491C and standard curves with ro0.98. However, it may be noted that a single point mutation (eg UPN 4572: only one point mutation corresponded to a DT m ¼ 5.81C) can cause more drastic changes in the DT m than two different point mutations (eg UPN 11000: two different point mutations in the primer binding site caused a DT m ¼ 5.51C) ( Table 4) .
Discussion
The use of high-dose chemotherapy in MM patients has highlighted the impact of the quality of response (complete vs partial response) on disease outcome. [5] [6] [7] [8] [9] [10] Thus, an accurate quantification of residual cells following treatment would be essential for monitoring MRD in MM patients. Although several approaches have been studied for tumor cell quantification, there are still difficulties for their clinical application. Firstly, consensus PCR strategies with sensitivities between 10 À1 and 10 À3 can be misleading, since a high rate of molecular CRs would be achieved without influencing outcome. 10 Secondly, very sensitive assays such as ASO-PCR show that almost all patients remain positive, which also hampers the discrimination of risk categories. 7, [11] [12] [13] This approach has been successfully modified by using limiting dilutions 25, 26 or band densitometry, but this involves post-PCR steps, which increase crossover contamination and have a high intra-and interassay variation (up to 31%). 15 RQ-PCR using TaqMan technology, by contrast, is a very reproducible approach with a coefficient of variation bellow 2%. 15 RQ-PCR has proved to be a successful approach when applied to hematological malignancies carrying gene translocations as tumor markers. [27] [28] [29] [30] For B-and T-cell malignancies in which no recurrent well-defined translocations are present, B-and T-cell receptor genes are used as tumor markers for RQ-PCR. 17, 20 In the last 4 years, RQ-PCR has become an attractive and useful approach for the detection of MRD in immature B-cell malignancies and the subset of B-CLL without somatic mutations, 17 mainly because of the utilization of consensus probes in the JH region thereby avoiding the need to synthesize allele-specific probes (ASO probes) for each patient, which is very expensive and time-consuming. 18, 31 Unfortunately, this approach is less optimal for MRD analysis of postgerminal center derived-B-cell malignancies containing a high level of SH, because of mismatches between the probes/ primers and the mutated VDJH rearrangement. Ladetto et al 14 has suggested that zero or one point mutation in the probe binding site does not influence the effectiveness of the RQ-PCR, and the presence of three or more point mutations in that site is always associated with failure of the RQ-PCR. They have also suggested that when two mutations are present in the probe binding site, the effectiveness of the experiment depends on the type of mutations and whether they are close or not to the 5 0 end of the probe binding site. 14 However, our data demonstrate that RQ-PCR effectiveness is dramatically affected not only by A novel target of RQ-PCR in MM D González et al mutations in the probe site but also in the primer binding site. Thus, the number of total mutations in both probe and primer binding sites is the parameter that could predict whether the experiment is going to be successful or not. In four out of the eight patients analyzed here, we found only one point mutation in the probe site, but the effectiveness of the experiment varied depending on the amount of mutations in the primer binding site. Thus, only those patients with less than three total mutations fulfilled the criteria of an optimal RQ-PCR. Moreover, we also investigated the variation that all mutations in VDJH rearrangements might produce in the melting temperature of probes and primers. These analyses have shown that the parameter that predicts whether a VDJH rearrangement is appropriate or not for RQ-PCR analysis using JH consensus probes is cumultative DT m values from both probe and primer. Thus, a total DT m value higher than 91C is associated with lower effectiveness, while total values of less than 61C can ensure that the VDJH rearrangement will result in an optimal RQ-PCR analysis. We think that this parameter of total DT m is more informative because it takes into account the type and the position of mutation together with the nucleotide environment in which such mutation is present, and can be predicted just from the sequence of the VDJH rearrangement.
Conclusion
In summary, this is the first study using incomplete DJH rearrangements as tumor markers for RQ-PCR in MM. We have demonstrated that DJH rearrangements generate standard curves with rX0.98 and are specific and sensitive, allowing the detection of up to five tumor cells in a background of 1.6 Â 10 À5 normal cells (in a range of up to 5 logs). Our results support the use of incomplete DJH rearrangements instead of hypermutated VDJH rearrangements as preferential RQ-PCR targets for monitorizing of MRD in MM patients. Furthermore, when using VDJH rearrangements as RQ-PCR targets, the particular sequence must be analyzed prior to developing an RQ-PCR assay in MM, in order to evaluate if they are to be successful targets.
